Edited by Amanda J. Fosang Extracellular matrix proteins are biosynthesized in the rough endoplasmic reticulum (rER), and the triple-helical protein collagen is the most abundant extracellular matrix component in the human body. Many enzymes, molecular chaperones, and post-translational modifiers facilitate collagen biosynthesis. Collagen contains a large number of proline residues, so the cis/trans isomerization of proline peptide bonds is the rate-limiting step during triple-helix formation. Accordingly, the rERresident peptidyl prolyl cis/trans isomerases (PPIases) play an important role in the zipper-like triple-helix formation in collagen. We previously described this process as "Ziploc-ing the structure" and now provide additional information on the activity of individual rER PPIases. We investigated the substrate preferences of these PPIases in vitro using type III collagen, the unhydroxylated quarter fragment of type III collagen, and synthetic peptides as substrates. We observed changes in activity of six rER-resident PPIases, cyclophilin B (encoded by the PPIB  gene), FKBP13 (FKBP2), FKBP19 (FKBP11), FKBP22 (FKBP14),  FKBP23 (FKBP7), and FKBP65 (FKBP10) , due to posttranslational modifications of proline residues in the substrate. Cyclophilin B and FKBP13 exhibited much lower activity toward post-translationally modified substrates. In contrast, FKBP19, FKBP22, and FKBP65 showed increased activity toward hydroxyproline-containing peptide substrates. Moreover, FKBP22 showed a hydroxyproline-dependent effect by increasing the amount of refolded type III collagen in vitro and FKBP19 seems to interact with triple helical type I collagen. Therefore, we propose that hydroxyproline modulates the rate of Ziploc-ing of the triple helix of collagen in the rER.
Protein folding is a fundamental process in the cells, and a precisely folded protein is required to maintain homeostasis and physiological function in organisms. A large number of various types of molecular chaperones and enzymes exist to actively facilitate folding inside the cell (1, 2) . Molecular chap-erones provide substrates with a proper environment for folding intermediates containing hydrophobic surfaces that would otherwise aggregate (3) . Enzymes recognize a certain amino acid or sequence to transform and bind to folding intermediates, which are termed isomerases and post-translational modifiers, respectively (4) . They enhance the step-by-step folding to achieve a functional and mature protein. Collagen is the most abundant protein in human body, and its biosynthesis occurs in the rough endoplasmic reticulum (rER) 3 with Ͼ20 molecular chaperones and enzymes (5, 6) . We named this network a "molecular ensemble," and it is an absolute requirement for the efficient folding and secretion of collagens (7) . Collagen contains multiple GXY repeats, where X and Y are frequently occupied by proline and 4-hydroxyproline, respectively (8) . Thus, collagen shows a unique amino acid composition with a large number of glycine and proline residues. In addition, some proline residues in X position are modified to 3-hydroxyproline (9) . Three chains associate together to form an elongated helix with glycine residues in the inner core, called a triple helix. Formation of the triple helix is initiated at the carboxyl-terminal end in most types of collagen and proceeds toward the amino-terminal end in a zipper-like fashion wherein all proline peptide bonds have to turn into a trans state (10 -12) . The high proline content makes this isomerization of cis to trans the rate-limiting step for collagen folding; therefore, rER-resident peptidyl propyl cis/trans isomerases (PPIases) are involved in this step (13) (14) (15) (16) . In 2015, we reviewed the relationship of the rER-resident PPIases with collagen triple-helix formation and considered their roles during collagen folding (17) . We termed this process "Ziploc-ing the structure" because the rER-resident PPIases coordinate the zipper-like fashion of collagen triple helix formation (17) .
However, there are no data available to quantitatively compare the levels of enzymatic activities for individual rER-resident PPIases with a particular substrate. Especially, no reports exist on how PPIases behave when the proline-containing peptide substrates are hydroxylated. The FK506-binding protein (FKBP) family proteins contain at least one FKBP domain and have PPIase activity and/or chaperone activity (17) . This domain is identified by a certain profile of amino acid sequences (prosite). However, the structure-function relationship of this domain is not well established. In this report we measured the circular dichroism (CD) spectra to investigate the structural comparison between FKBPs composed of similar domains and performed in vitro enzyme assays to evaluate the chaperone and isomerase activities of six rER-resident PPIases: cyclophilin B (CypB), FKBP13, FKBP19 (only the FKBP domain), FKBP22, FKBP23, and FKBP65. We also show the PPIase activities toward hydroxyproline-containing substrates and compare differences observed between proline-and hydroxyproline-containing substrates. Fig. 1 shows an SDS-polyacrylamide gel of purified rER-resident PPIases under reducing conditions. The purified FKBP13 (123 amino acids and 13444.5 Da) and FKBP domain of FKBP19 (121 amino acids and 13054.9 Da) are expected to have a similar migration on the SDS-polyacrylamide gel; however, FKBP13 (second lane in Fig. 1 ) migrates slightly faster than the FKBP domain of FKBP19 (third lane in Fig. 1 ). This might be caused by the difference in the theoretical pI between 8.93 for FKBP13 and 4.80 for the FKBP domain of FKBP19 (theoretical pIs were calculated using the ProtParam tool provided from ExPASy. In contrast, FKBP22 (200 amino acids, 22845.9 Da, pI 5.28) and FKBP23 (208 amino acids, 23820.7 Da and pI 5.27) migrate similarly (fourth and fifth lanes in Fig. 1) . A sequence comparison and alignment between FKBP13 and the FKBP domain of FKBP19 and FKBP22 and FKBP23 are shown in Table 1 and supplemental Fig. S1 . Fig. 2 shows the CD spectra, and Table 2 describes the predicted secondary structure contents calculated from the CD spectra. To ensure whether the purified proteins folded properly, thermal transition curves were monitored by CD as a function of temperature. The thermal transitions in Fig. 2D show very sharp transitions around 65°C for FKBP13 and FKBP19, indicating highly cooperative unfolding of the single domain. The transition of FKBP23 shows a broader transition at 60°C. This could be due to the presence of the EF-hands in addition to the FKBP domain, a lower enthalpy change or folding intermediates. The transition of FKBP22 is even broader, probably due to the same reasons. Fig. 2 , D and E, show that these proteins fold into a stable structure around physiological temperatures and the temperatures used in these experiments.
Results and discussion

Basic characterizations of purified rER-resident PPIases
Both FKBP13 and the FKBP domain of FKBP19 consist of a single FKBP domain. Clear differences were shown in both the CD spectra and the predicted secondary structure ( Fig. 2A and Table 2 ). Although the content of ␣-helix is similar, the FKBP domain of FKBP19 has more ␤-sheets and turns than FKBP13 ( Table 2 ). The secondary structure of the FKBP domain of FKBP19 is similar to that of FKBP65 (Table 2 ). This could be reflected in the similarity of the CD spectra of the FKBP domain of FKBP19 that of FKBP65 reported previously (18) . Both FKBP22 and FKBP23 are composed of one FKBP domain and two EF-hand motifs that bind to a calcium ion. Despite this common structure, they showed slightly different secondary structure contents (Table 2 ) and CD spectra ( Fig. 2B ). Some of the EF-hand motifs require a calcium ion to maintain the ␣helical structure (19) . The structure of FKBP23 changes after removing calcium ( Fig. 2C) , as was shown for FKBP22 previously (20) . This suggests that the EF-hand motifs of FKBP22 and FKBP23 are calcium-sensitive structures in the rER. These CD analyses indicate that the FKBP domains can have different structures, which could influence their catalytic activity and substrate specificity.
Classical molecular chaperone assay of FKBP13, the FKBP domain of FKBP19, and FKBP23 and their interaction with type I collagen
To assess the molecular chaperone activity of FKBP13, the FKBP domain of FKBP19, and FKBP23, we performed two biochemical assays in vitro. Because molecular chaperone activities have been already measured for CypB, FKBP65, and FKBP22 (18, 20, 21), we investigated the chaperone function of rER PPIases activities vary for hydroxyproline FKBP13 , the FKBP domain of FKBP19, and FKBP23. First, we tested a classical molecular chaperone assay, the thermal aggregation of citrate synthase. Only the FKBP domain of FKBP19 prevented aggregation of citrate synthase ( Fig. 3A) and showed concentration-dependent inhibition ( Fig. 3B ). However, this chaperone activity was smaller compared with the positive control PDI (Fig. 3, A and B) . Next, to evaluate whether these three FKBPs are involved in collagen quality control, we measured the effect on collagen fibril formation. When collagens are folded into a triple helix in the rER the stability of this newly formed structure is stabilized by the chaperones Hsp47 and FKBP65. This interaction also helps to prevent premature aggregation of these molecules. FKBP13 and FKBP23 did not affect the fibril formation of type I collagen ( Fig. 3C ). In contrast, in the presence of the FKBP domain of FKBP19 fibril formation of type I collagen was delayed (Fig. 3C ), and this delay became larger with increasing concentrations of the FKBP domain of FKBP19 ( Fig. 3D ). Likewise, the activity was not only much weaker than the positive control decorin (22) , but also FKBP65, as previously reported (18). As we described above, FKBP65 and FKBP19 showed similar CD spectra ( Fig. 2A , Table  2 , and Ref. 18 ) and marginally acted as a molecular chaperone ( Fig. 3 and Ref. 18 ). This suggests that the FKBP domains of FKBP19 and FKBP65 may have similar structural features.
Determination of the isomerase activity of the y PPIases using type III collagen and peptide substrates
The collagen triple helix is formed in a zipper-like fashion, and this folding is accelerated by PPIases. Three rER-resident PPIases, CypB, FKBP65, and FKBP22, were shown to influence the rate of type III collagen refolding in vitro (18, 20, 21, 23) . However, it is difficult to compare the level of their activities directly because different experimental conditions were used. Other rER-resident PPIases like FKBP13, FKBP19, and FKBP23 
rER PPIases activities vary for hydroxyproline
could possibly be involved in collagen folding. Therefore, we tested two enzyme assays using type III collagen and short peptides as substrates to address the effect on collagen folding and the individual level of PPIase activity among six rER-resident PPIases.
We prepared two different collagen substrates with and without prolyl 4-hydroxylation and measured type III collagen refolding using CD. The CD signal reflects the rate of collagen refolding from a denatured state because PPIases are stable around physiological temperatures (Fig. 2, D and E) , and the CD signals of the PPIases are not changed during the measurements. Two PPIases, the FKBP domains of FKBP19 and FKBP23, did not affect the rate of refolding for either substrate, whereas the other two PPIases, CypB and FKBP65, increased the rate of folding for both ( Fig. 4, B and D) . CypB had the highest activity for both substrates but did not enhance the amounts of refolded type III collagen (Fig. 4, B and D) . On the other hand, FKBP22 clearly improved formation of folded molecules (Fig. 4C ), and this observation was reported before (20) . The reason for this increase is not currently understood but could be due to specific sequences in type III collagen, and we will investigate this further in the near future. Higher con-centrations of FKBP65 were required to detect activity ( Fig. 4B) , which corresponds to the marginal effect on type III collagen refolding shown previously (24) . One interesting observation is the prolyl 4-hydroxylation-dependent difference in substrate recognition between FKBP13 and FKBP22 ( Fig. 4 ). FKBP13 recognizes the unhydroxylated type III collagen but not the hydroxylated collagen, whereas the opposite is true for FKBP22. The increase in the rate of folding of unhydroxylated type III collagen in Fig Next, we quantitated the level of activity using peptide substrates in a stopped-flow system with an established procedure (25) (26) (27) . We prepared not only short peptides containing proline residues but also peptides containing prolyl 3-and 4-hydroxylation. The general trends in this assay corresponded to the result of type III collagen refolding, and the calculated k cat /K m values are shown in Table 3 and Fig. 5 . CypB has the highest catalytic activity, and FKBP65 shows decent activities among the six PPIases toward all seven peptide substrates. CypB shows a decreased activity for hydroxyproline-containing peptides; however, CypB still has the highest activity among the six PPIases (see Table 3 ). The substrate recognition of FKBP13 and FKBP22 depends on the prolyl 4-hydroxylation as found in the type III collagen refolding assay. It is interesting to note that AMC peptides showed larger k cat /K m values than p-nitroanilide (pNa) peptides despite that the concentration of pNa peptides were higher than that of AMC. Additionally, the order of level of activity was slightly altered between AMC and pNa. These compounds may affect the efficiency of the association and the dissociation with the substrate and also of the chymotrypsin activity. However, overall trends of level of PPIase activities are comparable.
The catalytic activities of PPIases are influenced by posttranslational modifications
Two novel observations are found in studies using peptide substrates with and without hydroxyproline. First, FKBP13 and CypB showed a much lower activity toward hydroxylated substrates. Second, the FKBP domain of FKBP19, FKBP22, and FKBP65 overall preferred hydroxylated substrates (Table 3 and Fig. 5 ). Although CypB still showed high level of activities for both hydroxylated type III collagen and peptide substrates, prolyl hydroxylation reduced the activity of CypB. FKBP13 also preferred the unhydroxylated peptides as substrates ( Fig. 4, Fig.  5 , and Table 3 ). Prolyl 4-hydroxylation is required to provide thermal stability to the collagen triple helix (28 -30); therefore, "Ziploc-ing" will not proceed unless prolyl 4-hydroxylations are completed. Indeed, collagen prolyl 4-hydroxylase I, coded in P4HA1 gene, null mice are embryonic lethal (31) . Here, we propose that prolyl 4-hydroxylation also provides selective substrates for the rER-resident PPIases during collagen triple helix formation. As a consequence, whereas Gidalevitz et al. (2) briefly mentioned that FKBP13 knock-out mice did not have an obvious phenotype, human mutations in the PPIB and FKBP14 gene, encoding CypB and FKBP22, and the absence of these rER PPIases activities vary for hydroxyproline proteins result in connective tissue disorders osteogenesis imperfecta and Ehlers-Danlos syndrome (32) (33) (34) (35) . In contrast to prolyl 4-hydroxlation, the function of prolyl 3-hydroxylation in collagens is not clearly understood. From studies of osteogenesis imperfecta, it is proposed that prolyl 3-hydroxylation is required for collagen-protein interactions and the cell-matrix signaling pathways. Reduced binding of collagen to small leucine-rich proteoglycans and increased transforming growth factor-␤ signaling was observed (36) . Prolyl 3-hydroxylation seems to occur only in the X position proline in the GXO collagenous sequence, where "O" indicates 4-hydroxylproline, and the amount of prolyl 3-hydroxylation depends on the type of collagen (9, 37, 38) . For example, type IV collagen contains the largest number of prolyl 3-hydroxylation (39 -41), but there is no 3-hydroxyproline in type III collagen (9) . Our peptide assays demonstrate that the GZ peptide, where "Z" indicates 3-hydroxyproline, is a better substrate than the GP peptide except for FKBP13 and CypB. CypB forms a tight complex with prolyl 3-hydroxylase 1 and cartilage-associated protein (CRTAP) (42).
This complex is responsible for the important 3-hydroxylation of ␣1-Pro986 in type I collagen. The absence or mutations in any individual member of this complex leads to osteogenesis imperfecta with an impaired folding of the type I collagen triple helix, even in presence of free active CypB in the rER (43) (44) (45) (46) (47) (48) . The prolyl 3-hydroxylase 1 (P3H1)-cartilage-associated protein (CRTAP)-CypB complex not only has prolyl 3-hydroxylase activity but also stabilizes the newly formed triple helix and likely helps localize CypB to its substrate. A large number of molecules interact with these rER-resident PPIases (see Table 1 in Ref. 17 ). These interactions expand the repertoire of functions of rER-resident PPIases.
Another observation is that there are sequence preferences in the molecular recognition of PPIases. The prolyl isomerase activity depends on the amino acid preceding proline (Fig. 5 , Table 3 , and Refs. 24 and 26). FKBP13 shows a significant reduction of its activity to GP-containing substrate compared with other amino acids ( Fig. 5 and Table 3 ). Prolyl 3-hydroxylation did not change the activity of FKBP13, but a slight Table 3 The PPIase activities of rER resident PPIases with Suc-AXYF-pNa /AMC peptides as substrates O and Z indicate 4-hydroxyproline and 3-hydroxyproline, respectively. The results are shown as a mean Ϯ S.D.
k cat/K m
Suc-AXYF-pNa Suc-AXPF-AMC
PPlease -AP--AO--LP--LO--GP--GO--GZ--AP--LP-
Human FKBP13 The catalytic efficiency (k cat /K m ) for the isomerization reaction was determined by kinetic measurements using the Suc-Ala-XY-Phe-pNa peptide substrates, where XY indicates the combination of two amino acids labeled in graphs. The enzymatic activity of prolyl isomerization of seven peptide substrates for six PPIases, including the mean Ϯ S.D. as a magenta line derived from Table 3 , is indicated. The p value is annotated as follows (*, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005. NS, not significant). The FKBP domain of FKBP19 is indicated as FKBP19.
rER PPIases activities vary for hydroxyproline increase in activity was observed with 4-hydroxyproline ( Fig. 5 and Table 3 ). This result provides an explanation why FKBP13 is not involved in collagen folding because in collagens the X position in GXY sequence is frequently occupied by proline but not 4-hydroxyproline (8) .
It was proposed that FKBP22 could recognize 4-hydroxyproline-containing substrates preferentially (20) , however there was no direct evidence. Here, we tested the direct influence of prolyl 4-hydroxylation on the activity of FKBP22 using peptide substrates. FKBP22 does show increased activity for hydroxyproline peptides. Surprisingly, the FKBP domain of FKBP19 also shows increased levels of activity for hydroxyproline in the peptide assays ( Fig. 5 and Table 3 ). But the FKBP domain of FKBP19 does not act as a catalyst in the native type III collagen refolding assay (Fig. 4C) . The FKBP domain of FKBP19 showed little activity toward GP-and XP-containing substrates. The highest activity was observed for the LO peptide. Although GP sequences frequently appear in collagen (32.9%), LO sequences are rare (7.8%) (8) . This is probably the reason why there was no effect in the presence of the FKBP domain of FKBP19 during full-length native type III collagen folding despite increased activity toward hydroxyproline peptides. In addition, FKBP22 was also the only enzyme that showed an increase in the amount of refolded type III collagen (Fig. 4C ). This suggests that FKBP22 may have a unique capability of molecular and/or sequence recognition. This could explain as well that FKBP22 bound to type III, VI, and X collagen but not to types I, II, and V collagen (20) . FKBP23 showed low but measurable activities toward peptide substrates ( Fig. 5 and Table 3 ). FKBP23 itself was folded and stabled around physiological temperatures ( Fig.  2E ). We only tested three combinations of amino acids next to proline (Ala, Leu, and Gly), which appear with different frequencies in collagen sequences (8) . It is possible that FKBP23 preferentially catalyzes other amino acids or complex formation is required with other molecular chaperones for optimal activity.
Elastin, which is also an extracellular matrix protein biosynthesized in the rER, was shown to have hydroxyproline (49) . Isomerization of a conserved proline residue in the C H 1 domain of IgG molecules is essential for their folding, assembly, and secretion (50) . Other proteins with proline-rich regions (51, 52) might require PPIases for correct folding. Therefore, PPIases play an important role not only for collagen but also non-collagenous molecules during their folding, and differences in PPIase activities may determine folding pathways of these molecules.
In summary, we show that some PPIases have preferences for post translationally modified proline residues as substrates and that prolyl 4-hydroxylations not only provide thermal stability to collagen triple helices but also modulate the rate of Ziplocing of the triple helix of collagen in the rER.
Experimental procedures
Cloning, expression, and purification of human recombinant FKBP13
FKBP2 encoding FKBP13 human cDNA Clone (catalogue #SC120228) was purchased from Origene Technologies. The FKBP13 protein coding sequence without the signal peptide was isolated from the cDNA by PCR with primers containing a BamHI site at the 5Ј end and a SalI site after the stop codon at the 3Ј end. That DNA was inserted of a pET30a(ϩ) expression vector (Thermo Fisher Scientific). The expression vectors were transformed into Escherichia coli BL21(DE3) and grown at 37°C to an optical density of 0.6 at 600 nm with 2ϫ TY medium (Sigma-Aldrich). Proteins were induced by 1 mM isopropyl 1-thio-␤-D-galactopyranoside (IPTG) at 15°C overnight. The cells were harvested by centrifugation and resuspended in B-PER (Thermo Fisher Scientific). 30% (w/v) of ammonium sulfate was added to the soluble fraction, and the supernatant after centrifugation was passed through a 0.22-m filter and loaded onto Ni 2ϩ -chelating column. After washing with 40 mM Tris/HCl buffer, pH 7.5, containing 0.5 M NaCl and 20 mM imidazole (minimum 5 column volume), FKBP13 was eluted with 40 mM Tris/HCl buffer, pH 7.5, containing 0.5 M NaCl and 500 mM imidazole. The fractions containing FKBP13 were dialyzed into 50 mM Tris/HCl, pH 8.0, containing 1 mM CaCl 2 and 0.05% Tween 20, and then enterokinase (0.5 units/ml reaction volume) (Life Technologies, Inc.) was used to cleave the His tag at 4°C overnight. After dialysis into the same Tris/HCl buffer used for the chelating column before, the solution was applied onto a Ni 2ϩ -chelating column to remove the His-tag fragment, and the flow-through fraction that includes FKBP13 was treated with 1 l/ml diisopropyl fluorophosphates (DFP) to inactivate proteases derived from E. coli and gently stirred for 4 h on ice. After treatment, the protein solution was dialyzed against 20 mM HEPES, pH 7.4, and loaded onto a HiTrap SP FF column (GE Healthcare), and FKBP13 was eluted with 200 mM NaCl. The purified FKBP13 was dialyzed against different reaction buffers and used for further experiments.
Cloning, expression, and purification of FKBP domain of human recombinant FKBP19
FKBP11 encoding FKBP19 human cDNA (clone ID: HsCD00021579) was purchased from Harvard Medical School (PLASMID). The FKBP domain of FKBP19-coding sequence without the signal peptide (between Gly-28 and Ala-146) was isolated from the cDNA by PCR with primers containing a BamHI site at the 5Ј end and a SalI site at the 3Ј end. That DNA was inserted to a pET30a(ϩ) expression vector. The expression vectors were transformed into E. coli BL21(DE3) and grown at 37°C to an optical density of 0.6 at 600 nm with 2ϫ TY medium. Proteins were induced by 1 mM IPTG at 15°C overnight. The cells were harvested by centrifugation and resuspended in B-PER. The soluble fraction was passed through a 0.22-m filter and loaded onto Ni 2ϩ -chelating column. After the column was washed with 40 mM Tris/HCl buffer, pH 8.2, containing 0.5 M NaCl and 20 mM imidazole (minimum 5 column volumes), the FKBP domain of FKBP19 was eluted with 40 mM Tris/HCl buffer, pH 8.2, containing 0.5 M NaCl and 500 mM imidazole. The fractions containing the FKBP domain of FKBP19 were dialyzed into 50 mM Tris/HCl, pH 8.0, containing 1 mM CaCl 2 and 0.05% Tween 20. Enterokinase (0.5 units/ml reaction volume) was used to cleave the His tag at 4°C overnight, and the sample was treated with 1 l/ml DFP to inactivate proteases derived from E. coli and gently stirred for 4 h on ice. Buffer exchange and the removal of contaminating proteins was done on a HiTrapQ XL column (GE Healthcare), and the FKBP domain of FKBP19 was eluted with 40 mM Tris/HCl buffer, pH 7.5, containing 0.5 M NaCl and 10 mM imidazole. This eluted fraction was directly applied onto a Co 2ϩ -chelating column to remove the His-tag fragment. The flow-through fraction included the FKBP domain of FKBP19 and was dialyzed against 40 mM Tris/HCl buffer, pH 7.0, containing 1.0 M ammonium sulfate, loaded onto a HiTrap Phenyl HP column (GE Healthcare Life Sciences), and eluted with a liner gradient from 1.0 M to 0 M ammonium sulfate. Purified FKBP domain of FKBP19 was dialyzed against different reaction buffers to remove ammonium sulfate and used for further experiments.
Cloning, expression, and purification of human recombinant FKBP23
FKBP7 encoding FKBP23 human cDNA (human MGC verified full-length cDNA, clone ID: 3891173) was purchased from Thermo Fisher Scientific. The FKBP23 protein-coding sequence without the signal peptide was isolated from the cDNA by PCR with primers containing an EcoRI site at the 5Ј end and a XhoI site after the stop codon at the 3Ј end. That DNA was inserted to a pET30a(ϩ) expression vector. The expression vectors were transformed into E. coli BL21(DE3) and grown at 37°C to an optical density of 0.6 at 600 nm with LB medium. Proteins were induced by 1 mM IPTG at 20°C overnight. The cells were harvested by centrifugation and resuspended in Tris-based B-PER containing 1 mM CaCl 2 . 30% (w/v) of ammonium sulfate was added to the soluble fraction and incubated for 30 min for room temperature. The precipitated materials after centrifugation were dissolved into 20 mM HEPES buffer, pH 7.5, containing 1.0 M NaCl, 20 mM imidazole, 1 mM CaCl 2 , and 1.0 M urea. After removing undissolved materials by centrifugation, the protein solution was passed through a 0.22-m filter and loaded onto Co 2ϩ -chelating column. After the column was washed with the same buffer used for resuspending of the pellets of the ammonium sulfate precipitation (minimum 5 column volume), FKBP23 was eluted with 20 mM HEPES buffer, pH 7.5, containing 1.0 M NaCl, 500 mM imidazole, 1 mM CaCl 2 , and 1 M urea. The fractions containing FKBP23 were dialyzed into 50 mM Tris/HCl, pH 8.0, containing 1 mM CaCl 2 and 0.05% Tween 20, and then enterokinase (1.0 units/ml reaction volume) was used to cleave the His tag at 4°C overnight. After dialyzing into the same HEPES buffer used for washing the chelating column, solution was treated with 1 l/ml DFP to inactivate proteases derived from E. coli and gently stirred for 4 h on ice. The protein solution was applied onto a Co 2ϩ -chelating column to remove the His-tag fragment. The flow-through fraction including FKBP23 was dialyzed against 20 mM triethanolamine/HCl buffer, pH 7.5, containing 20 mM NaCl, 1 mM CaCl 2 , and 1.0 M urea and loaded onto a HiTrapQ XL column. Contaminants and clean FKBP23 were eluted with 20 and 30% of 20 mM triethanolamine/HCl buffer, pH 7.5, containing 500 mM NaCl, 1 mM CaCl 2 , and 1.0 M urea, respectively. The purified FKBP23 was dialyzed against different reaction buffers to remove urea and used for further experiments.
Purification of human FKBP22, chicken FKBP65, and chicken CypB
Human and chicken recombinant FKBP22 and CypB were purified from E. coli by methods described previously (20, 23) . Chicken endogenous FKBP65 was purified from 16-day-old chicken embryos by methods described previously (18) .
Purification of collagens
Pepsin-treated native bovine type I and III collagen, hereinafter called full-length, was purified from fetal bovine calf skin by methods described previously (37) . Pepsin was inactivated and removed during purification. The carboxyl-terminal quarter fragments of human type III collagen without prolyl 4-hydroxylation was recombinantly expressed using E. coli and prepared as described previously (53) .
Circular dichroism measurements
Circular dichroism spectra were recorded on an Aviv 202 spectropolarimeter (Aviv, Lakewood, NJ) using a Peltier thermostatted cell holder and a 1-mm path length cell (Starna Cells, Atascadero, CA). Protein concentrations were determined by amino acid analysis. The spectra represent the average of at least 10 scans recorded at a wavelength resolution of 0.1 nm. The proteins were measured in 5 mM Tris/HCl buffer, pH 7.5, containing 0.05 mM CaCl 2 at 4°C. The spectra were analyzed using BestSel (54) . The thermal transition curves were measured at 203 nm and 210 nm for FKBP13, the FKBP domain of FKBP19 in PBS, and FKBP22/FKBP23 in 5 mM Tris/HCl buffer, pH 7.2, containing 30 mM NaCl 2 and 0.5 mM CaCl 2 , respectively. Transition curves were monitored as function of temperature with a heating rate of 30°C/h. Protein concentrations were as follows: 30 M FKBP13, 45 M concentrations of FKBP domain of FKBP19, 7 M FKBP22, and 11 M FKBP23.
Amino acid sequence comparison between FKBPs
The sequence alignment and similarity were analyzed using the software Vector NTI Advance 11.5.4 (Invitrogen). Protein sequences were obtained from Uniprot, and signal sequence was determined by SignalP 4.1 Server.
Citrate synthase thermal aggregation assay
The aggregation of citrate synthase upon thermal denaturation was measured as reported before (18, 21) . Citrate synthase (Sigma) was diluted 200-fold to a final concentration of 0.15 M into prewarmed 40 mM Hepes buffer, pH 7.4, containing 1 mM CaCl 2, at 43°C. The aggregation of citrate synthase was monitored by absorbance at 500 nm in a Cary Series UV-visible spectrophotometer (Agilent Technologies). All enzyme concentrations were determined by amino acid analysis.
Type I collagen fibril formation assay
Stock solutions of type I collagen in 50 mM acetic acid were diluted to a final concentration of 0.1 M in 0.1 M sodium bicarbonate buffer, pH 7.8, containing 0.15 M NaCl and 1 mM CaCl 2 and 0.15 M sodium phosphate buffer, pH 7.8, containing 0.15 M NaCl for comparisons among FKBPs and for concentration dependence of the FKBP domain of FKBP19, respec-rER PPIases activities vary for hydroxyproline tively. Measurements were performed at 34°C, and the absorbance (light scattering) was monitored at 313 nm as a function of time. All curves are the average of at least three independent measurements.
Refolding of the carboxyl-terminal quarter fragments of type III collagen without prolyl 4-hydroxylation and full-length type III collagen measured by circular dichroism
Refolding of the carboxyl-terminal quarter fragments of type III collagen without prolyl 4-hydroxylation (final concentration, 2.0 M) and full-length native type III collagen (final concentration, 0.2 M) were monitored by circular dichroism measurements at 220 nm. Collagens were denatured for 5 min at 45°C and then added into precooled reaction buffer (50 mM Tris/HCl, pH 7.5, containing 0.2 M NaCl and 1 mM CaCl 2 ) in the presence and absence of PPIases for 4500 s at 25°C and 5000 s at 10°C for full-length type III collagen and carboxyl-terminal quarter fragments of type III collagen, respectively. Refolding curves were converted to fraction folded using the amplitude between the native and denatured state of both type III collagen in the absence of PPIases measured by the thermal transition from 5 to 55°C. All curves are the average of at least three independent measurements. 
Preparation of proline-containing substrates
Stopped-flow enzyme assays
Measurements of the catalytic efficiency (k cat /K m ) for the isomerization reaction were performed as described before (25) (26) (27) . Kinetic measurements were made at 5°C to minimize the non-enzymatic isomerization reaction in 35 mM HEPES buffer, pH 7.8, containing 1 mM CaCl 2 . Final substrates of AMC peptide and chymotrypsin concentrations were 8.8 and 12.8 M, respectively. The final DMSO concentration in the assay was 0.088% and 0.0176% for measurements of A-P and L-P peptides, respectively. For pNa peptides, the final concentrations of chymotrypsin and DMSO were 75 M and 0.25%, respectively. Fluorescence and absorbance changes were monitored at 380 nm for AMC and at 390 nm for pNa with a HiTech stopped-flow spectrophotometer (TgK Scientific Ltd, Bradford-on-Avon, UK). The assay was started by mixing chymotrypsin and the substrate peptide. Data points were collected using Kinetic Studio version 4.06 software (TgK Scientific), and progression curves were analyzed by fitting to a second-order exponential-decay function with ORIGIN Pro version 9.1 (OriginLab Corp., Northampton, MA). The slower rate of the decay was used as the cis/trans isomerization reaction. Values for k cat /K m were calculated according to k cat /K m ϭ (k obs Ϫ k u )/ [E], where k u is the rate constant for the uncatalyzed isomerization reaction, and k obs is the rate constant for the catalyzed reaction in the presence of enzymes at a given [E] . k values were calculated using ORIGIN assuming that the reaction consists of two first-order reactions, the fast phase due to the cleavage of the initial trans form of X-P/O/Z bond and the slow phase due to the catalyzed or uncatalyzed cis-to-trans isomerized bond cleavage. The minimum of three independent measurements was preceded for a set of peptide-PPIase. To detect the catalysis, a maximum final concentration of enzyme of 0.5 M was used in this assay.
Statistical analyses
For comparisons between two groups, we performed oneway analysis of variance to determine whether differences between groups are significant using ORIGIN Pro version. 9.1. The p value Ͻ0.05 was considered statistically significant.
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